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Mearsurements of sound amplitude in the vicinity of a ground plane have ;
been made as a function of frequency of the sound source (100 Hz - 2000 Hz), ‘
i

distarce of propagation (5 m - 100 m), and surface conditions. By treating
the impedance as an adjustable parameter, the surface impedance as a tuncti
of frequency was determined from the messured amplitudes using the theoretic
treatment of a spherical wave in the vicinity of a locally reacting surface. ‘
Measurements of the amount cf snergy ccupled intc.- neot
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the ground were alsc made usihg geophones below the ground surfaee.*

The impedance measurements were limited to the frequency range 270 Hz
to 1000 Hz due to the experimental « In this region, however, the
results for three distinctly d rent surfaces suggeat that the impedance
can be computed from the specific fluw resistance and that grass has little
effect on the surface impedance except for decreasing the flow resistance
due to the root structure,\sExperimental studies of surface impedance should
include measurements of soil parameters such as density, specific flow re-
sistance, and moisture content so that comparisons can be made between the
results from different laboratories and so that a data base for additional
theoretical development can be established.
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1.0 INTRODUCTION

Propsgation of sound outdoors is inflqenced by a variety of mechanisms
which change the amplitude and phase of the wava. These include:
° Atmospheric Absorption

o Boundary Effects

s ot

2. ° Turbulence

¥ o Refractior,

In previous atudies; atmospheric absorption was comsidered in terms of

microscopic processes and a technique was developed which allows one to
predict atmospheric absorption using simple expressions which are based on ;

the rigorous microscopic treatment (Ref. 2-6). At low frequencies ( < 1 kHz),

R S A S

? for most conditions, the presence of a boundary will effect the sound amplitude

b e A e e

more than atmospheric absorption (Ref. 7). That mechanism is considered in
. thiz report. Turbulence can also effect the sound field by destroying co-

herence and thereby reducing interference which would otherwise occur in the Do

presence of a boundary (Ref. 8). Refraction due to a thermal or velocity :

gradients also influences the received sound. The measurements reported here i

T e e

were taken under conditions which minimized the effects of turbulence and ‘
; : refraction.

This study of the effect of the ground on outdoor propagation of sound
through the atmosphere is the second step in a long range effort to develop

procedures to reliably predict sound amplitudes a significant distance from

tha source and correct measured spectra to free field conditions. The
work reported here is the first step in determining the efiect of the ground

pl&ne.
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This report deals primarily with experimental measuresents of sound
amplitude in the vicinity of a ground surface at ranges out to 100 m at
frequencies between 100 Hz and 20060 Hz. These measurements overlap similar
measurements made by others and serve to check the experimental procedures
as well as extend the data base. Future work will extend these measurements
to longer ranges, lower frequencies, and different surfaces. The experimental
and theoretical work on the problem of outdoor sound propagation undertaken
by this laboratory is meant to complement similar efforts being made by other
laboratories most notably the acoustics group at the National Research
Council of Canada (Ref. 9,10), and Wyle Laboratories (Ref. 8).

The experimental techniques employed to generate the sound field and
measure sound amplitude are described in Section 2. In Section 3, the ex-
perimental results are presented. Due to the large number of measurements
made, the results are most often reported in terms of acoustic impedance
values deduced from a model of the ground surface. Should this model, at
gome later date, be shown to be inadequate, the raw experimental data can
be reconstructed by using the deduced impedance values to calculate the
measured sound amplitude. Section 4 provides a tentative interpretation
of the experimental results and Section 5 summarizes the results of this

study and presents recommendaticns for future work.
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2.0 EXPERIMENTAL TECHNIQUE

The measurements ware made by broadcasting sound over a prepared field
300 feet in length, Microphones were placed at intervals down the range at
two heights, and recordings were made of the SPL of each microphone. These
recordings were then analyzed to determine the surface impedance values of
the ground.

' 2.1 Several speaker systems were constructed for this project. An
Altec 515B 15 inch dizmeter bass driver in a ducted port enclosure was used
for the data taken at the Waterways Experiment Station. A coabination of 4
of these speskers in an Electrovoice TL 606Q enclosure was used for low fre-
quency measurements (80-200 Hz) in the grass field in Oxford. High frequency
data were taken with a horn systea composed of 4 University ID-60 compression
drivers loaded by an inverted cone truncated with a & inch diameter opening.

The data analysis progrum assumeg a spherically di »rginyg weve front,
Although a theoretical treatment for a ncn-spherical wave is possibie, the
spherical geometry eases physical interpretation of the resuits. The re~
quirement for a spherical wave front dictates that rhe source of sound be
approximated as a point source. At frequencies below 100 Hz, this represents
no problem; the speakers used can be considered a source of spherical waves.
Each speaker system utilized was tested to determine ite directivity pattern
as a function of frequency. An increased directionality at higher frequencies
is characteristic of radiating circular pistons. As a result of these measure-
ments, data above 200 Hx was not taken using the large, low frequency driver
systems. The high frequency system was capatle of producing a uniform dis-

tribution of sound with a deviation from sphericity of + 2dB to a frequemncy
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of 200 Hz.

2.2 Measurements were wade of the amplitude of the sound by micio-
phones placed 1 and 2 meters abov; the surface of the ground at 50 foot in-
tervals from 50 to 300 feet from the speaker (acoustic to seismic measurements
were made as close as 5 m from the source). A single stationary reference
microphone was placed at ground level 50 feet from the spcaker to measure
any variations in sound intensity from the speaker system during the course
of the experiments,

Two types of signals were broadcast over the range. Octave bands or
pink noise of one minute duration were used in the original experimen: .t
WES. Later data taken at the farm in Oxford used bands of pink noise 1/2
octave in width centered about each 1/3 octave center frequency from 80 to
200 Hz, Data were aiso taken in this field using weep t2st tones from 80-
200 .r and 180-2000 Hz. In each case *“ .2 appropriate speaker sys.em was used
vo assure the sphericity of the transmitted wave,

she apeaker system was suspended on a large crane at WES and s <aker
he’ghts varied from 1 to 10 meters above the ground. In Oxford, the speaker
system was suspended from a2 cross mewber on a telephone pole, and most of
the dats were taken with a speaker height of 10 feet.

The microphones used for the amplitudc measurements were B&K 4125 1/2"
Condenser Microphones with a B&K 2642 preamplifier and B&K 3810 power supply.
A GR 1962~9602 Electret microphone was used to mcnitor the speaker level.

The signals from the microphones were recorded on a pair of Uher 4200 2 track
tape recorders in a special environmental package. These Jdata were then
played back into a GR 1554—A 1/3 octave band analyzer for the analysis of pink

noise or into a dP 3580A analyzer synchronized for use as a tracking filter

] e e
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for the sweep test tones.

The system was calibrated by recording the output from a GR 1562 sound
level calibrator on each microphone - recorder channel at the beginning
and end of each run. No measureable gain shift was observed during the
course of any run.

2.3 Measurements of the ratio of the seismic and acoustic energy wvere
conducted in two series of experiments at the Waterways Experiment Statiom
in Vicksburg, MS., Seismic data ‘ere obtained using scientific triaxial
geophones which are capable of detecting micruvasisaic signals ir the vertical,
radial, and horizontal directions with a frequency range from 1 Hzx to 600
Hz. During field calibration, the amplifiers for the geophone signature
channels were set to the gains to be used during each test. A sine wave
voltage was applied to the amplifier and adjusted to give a specific cali-
bration voltage. The signal amplitude from the geophone was then related
to the seismic velocity in cm/sec using the calibration sensitivity furnished
with each geophone.

The acoustic transducers consisted of the 4 B&K 4125 capacitor micro-
phones placed at the surface of the ground on foam mounts. The microphones
were calibrated using the GR 1562 calibrator,

The amplifiers used ware commercial units with gains of 10 to 2500
and a flat frequency respcnse from DO to 10,000 Hz. The recording system
crmsisted of a 14 channel wagnetic ¥M tape recorder cperating at 7 1/2
inches/sec with a flat frequency respconse from DC to 2500 Hz,

The data collected consisted of signal levels from microphone and verticsl
geophone pairs located on a vertical line at distances of 10, 30 and 60

meters from the sound source. Three sources of noise were used; a ! -~ quency
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sweep (80-2000 Hz), octave band noise (45-200C Hz) and an impulse (broad
band noise from & .45 caliber line thrower). The ratio of the acoustic to
seismic energy was measured at each distance for various speaker heights
in order to investigate the coupling of acoustic energy to seismic rnergy
as & function of the angle of incidence of the sound.

Data from theae measurements were transposed at WES from FM to 2 channel
direct record signals and sent to our iaboratory for analysis. A Crowm
DC 500 tape recvrder was usad to play back the signals which were analyzed
using 1/3 octave and correlstion analy:zers.

2.4 Differences in air temperature with height above the glrth nay
have a strong effect on the propagation of acoustic waves due to refractive
effects. Measurements of air temperature versus height were made at each
site during the course of each test period. The temperature and wind velocity
was wmonitored using a Wallac CGA23S Thermo-Anemometer with a Ni125ANE probe,
A log vas kept of these varisbles during each testing period. Temperature
gradients of less than 3°F for a 10 meter height increase were always required
for data acquisition and in general, the gradients were less than 2°F for 10
meters. Data wvas not collected when the wind speed exceeded 3m/sec.

The seismic mezsurements also required a low background noise level.
The major source of seismic noise at WES was a road approximately 400 meters
from the test site, Most of the data were recorded in the late afternoon
and evening when the amount of traffic was small.

An estimate of the effect of air turbulance on the acoustic signal
wvas obtained by measuring the coherence length of the propagating sound
waves. Since a single source vas producing the direct and reflected wave,

interference effects from phase cancellation could be observed only if the

RPN
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waves wers coherent over the path '‘ength involved. White noise and bands

of pink noise were broadcast over the range. The acoustic signals received
by microphones 30 meters apart were analyzed on a Honeywell SAI43A Correla-
tion Analyzer, The coherence length measured in these experimeunts was greater
than 30 meters for the noise. The coherence leugth is frequency dependent

and it will bz noted in the results that above 1 kHz, turbulence led to a

loss of coherence at the greater propagation distances.

2,5 The soil at each site was measured and classified. At the WES
site, the soil is a brown to dark brown heavy silt loam. The texture of ths
subsoi) ranges from heavy loam to silty clay loam. The site at Oxford was
ssmpled by the local USDA Sedimentation Laboratory and a series of physical
classification tests were run, The site was located in a valley bottom
covared with very recent alluvuim deposited over Koscusko and Tallahatta
foundations. The soils are pslevdalts and ure predominately a silt loam
with greater than 50X silt and greater than 7% clsys. In the region of
200-350 feet on the test range the soil contains more loamy sand.

Moisture content of the soil can greatly affect its flow resistance
and acoustic properties. The soil was sampled at the time of each wmeasure-
ment and the water content is included as a parameter in each of the measure-

ments reported,
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3.0 EXPERIMENTAL RESULTS

The experimental data is numbered according to the sequence in which
it was collected. Table I gives a brief synopsis of the various data collection
runs., A total of sixteen sets of data were collected (excluding seismic
data) each consisting of SPL measurements at four to eight microphone loca-
tions, two to six microphone heights, and typically 13 different frequencies.
All data was collected at least twice for averaging., This amounts to 1%,000
data points, There if no way to presen: all this data in a report of
acceptable length. Instead only that data needed to illustrate specific
points ;111 be presented, Further, this data will be discussed in the order
appropriate to a logical development of fhe topic, not in the order in which

they were collected.

3.1 Comparison Measurements,

The ground cover most thorocughly studied in terms of a boundary tc acoustic

propagation is "institutional grass'". This is the type cover usually encountered
on college campus lawns, around government buildings, etc, Although the

actual grass type varies, it is almost always well trimmed, uniform, and
ralatively dense., The =arth under the grass has usually gone many growing
seasons without tilling.

Measurements of gound amplitude over institutiomal grass on the UM cam-
pus are presented in Fignres 1-2. All levels are referenced to the 50 ft.
position, These data (.. 18 1l and 12) were collected with the speaker system
5.3 ft. trom the ground plane and two microphones (one metor and two meters
above the ground) which were moved between data collection locations 50 ft,,

75 fe,, 100 ft,, 150 ft., and 200 ft, from the speaker, The source was driven

Lntds, bt b deren. L
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by a prerecorded sweep tone extending from 200 Hz to 2 kHz (Run 11) and 4%
Hz to 200 Hz (Run 12),

Referring to Figures 1-2, it can be seen that the data at low frecquencies
are reproducible to within about 2 dB. This 2 dB variation can probably be
attributed to variations in speaker output, noise, and instabilities in the
recording system, A variation of + 1 dB was anticipated ard is considered
acceptable, At the larger ranges, the fluctuations exceed 2 dB. This is a
result of decreased signal to noise ratio but since this type of scatter should
be random, by taking four points, the true SPL should be determined + 1 dB,

As the frequency increases, so does the scatter in data., At 500 hz, this
situation is worst, The first interference minimum occurs near 500 Hz. At

the interference minimum, the acostic signal decreases by as much as 30 dB
thereby decreasing the S/N ratio by a like amount. Also, since interference
relies on coherence between the direct and reflected waves, when the rzflection
coefficient is high (as it was for the field used) a small loss of coherence
due to a transient turbule will greatly affect the recorded SPL. This combina-
tion of factors reaches a maximum near the first interference wminimum in most
all cases. Since the effect of turbulence and noise is to increase the §
the lowest value of SPL should be taken as the correct value unless it is much
different from the general trend of the data. In practice, the lowest values
were weighted by a factor of two relative to intermediate values (weighting of
1) when comparing to theoretZcal curves,

Referring again to Figures 1 and 2, the solid lines werz computed from
the theory of Donatol using the impedance as an adjustable parameter to
achieve the best fit between theory and experiment, It can be seen that the

theory is in excellent agreement with measurement, As will be discussed later,
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these curves are relatively independent of values chosen for the impedance at
frequencies below 200 Hz, Conaidering the excellent agreement demonstrated
here, it sppears that the only quantities necessary to represent the expaorimental
data are vaiues of impedance. By selecting values of impedance which provide
amplitude versus distance curves in gonod agrezement with expaeriment, the large
yuantity of data can be represented by a few graphs of impedance versus fre-
quency.

Before presentirg the data in terms of impedance values, one problem
should be noted, Figure 3 shows theoretical amplitude versus range curves
for four frequencies with reasonable estimates of impedance (Z = Xr + iXc),
Also given there are curves computed when Xr and Xc are halved, For the lower
frequencies, the computed amplitude curves are very insensitive to values of
Xr and Xc becoming more sensitive at higher frequency. This means that impe-
dance valucs determined from amplicude versus distance curves are going to
be uncertain to at leawt a factor of .wo with the uncertainty increasing at
lower frequencies, At the same time, however, predicted amplitudes are less
senaitive tu impedan~e at lower frequencies hence even a very uncertain value
of Z enables ore *> cumpute thc amplitude a~curatcly. Also note thar at 500
He, a variation in Xx gives tie sawe cesult as a variatic: in Xec, So if im-
pedance values are to be determined by fittiug the cata, either Xr or Xc could

be varied.

3.2 Determination of Ac.ontic Impedance,

In orde: to represent our data in terms of impedances, an iterative
search procedure was used. Firat, reasonable guesses were made for Xr and Xc
and at a particular frequency the amplitude was computed for each experimentcl
range and microphore position. The difierence between measured and computed

amplitides was computed and stored as the error. Next, Xr and Ac were ezia
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in-amented a predetermined amount plus and minus creating an array of Xr's,
and Xc¢'s for whicii new errors were computed. The value of Xr and Xc giving

the least error wvas used as & new starting poiat for the next cycie iu the

iterative procedure with a smaller increment. This process wae contirued

until the best Xr and Xc were deteru.ined to within .1 p,. A copy of the
computer progran is attached as Appendix 1, Results of this iterative process
are presented in Figure 4 slong with curves of impedance values by Piercy,
et.al, The agreement between Piercy's data? and ours is very good considering
"i{nstitutional grass" in Canada might differ from "institutional grass" in
Mississippi. Iwpedance values were not detarmined below 200 Hz due to the
large range of Z's which would provide good agreement with measurements. The
solid circles were computed by simultaneously fitting data for two wicrophone
heights., The triangles were determined by fitting data at each microphone
height separately and then averaging the results,

From the study of sound propagation over "institutional grass" we deter-
mined that:

1. The experimental procedure gave reproducible results within + 2 dB.

2, The theoretical treatwent of Donato is in excellent agreement with
measurements when appropriate values of impedance are selected (it should be
noted that the most controversial aspect of Donato's theory, the magnitude of
the surfuce wave, was not a factor in these measurements).

3. The impedance values determined from amplitude measurements are
subject to an error of + a factor of two increasing at frequencies below 200
Hz,

4., Impedance values determined in the manner described here are in

excellent agreement with measurements at other laboratories for "institutional
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These results indicate that the measurements over different types of sur-

faces descrided in the following should give reliable values of impedamnce.

3.3 Seismic/Acoustic Measurements.

The sound field above the surface was measured with 2 microphone giving
a value of Ipl; the seismic velocity below the surface was measured with a
geophone giving a value of |v|. The ratio of |v| to |p| was referred to as
the seismic/acoustic or acoustic to scismic coupling ratio (or coupling co-
efficient), n, given in units of cm/sec/ubar. It should be noted that n is
closely related to the impedance Z(= p/v).

Typical results for n as a function of frequency measured on the UM
campus are given as Figures 5 thru 7. The results of the WES measurements
are given in Reference 11; they are in general agreement with the UM measure—
men”s. Motion was meagured in three directions; vertical or perpemdicular
to the surface; radial, parallel to the surface along the source ~ geophone
line and; transverse or horizontal, parallel to the surface and perpendicular
to the source - geophone line. Referring to Figure 5, it can be seen that the
coupling ratio decreases with frequency for all three &t about the same rate
and each shows a maximm nesr 100 Hz, A maximum near 90 Hz was observed for
the WES measurements.

Impulsive measurements at WES (Figure 8) indicate that the seismic signal
arrives at the same time as the acoustic signal, This wvas interpreted to in-

dicate that the energy to which the geophone was responding was coupled in

close to the geophone position with little or no contribution from other points

on the surface between the source and guophone., In this case, the angle of

incidence is well defined even for a spherical source., Figure 6 shows the
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dependennz of n on the augle of incidence of the incomiang sound. And Figure
7 shows the dependence «f n on depth of the geophone. It can be seen that

the cnupling ratio, n, is aot very sensitive to angle of incidence; there is
no clear.y ildentiflable trend.

These twn results, the frequency and angular dependence of the coupling
ratio, are in sharp contrast to predictions assuming the ground is a homo-
geneous elastic medium (Ref., 11) which predicts a strong angular dependence
and little or no frequency dependence of n, The magnitude of n is measured
ro be much larger than the predicted value near 100 Hz (by a factor of 5-8);
the frequency dependence measured is much strongsr than predicted; and the
angle of incidence dependence mrasured is much less than predicted.

The values of the ground properties necessary for the elastic theory
were measured independently at WES, The density was 2 gm/cm3, the compressicnal
velocity was 340 m/sec, and the shear velocity was 155 m/sec. These values
wére used to compute the theoretical curves for comparison to UM data., Al-
though the two soils were somewhat different, zn independent measure of den-
sity and Rayleigh wave velocity at UM gave values close to the WES site hence
we felt justified in using the WES values in the calculations; small differences
in these parameters do not affect frequency or angular dependence significantly.

The inadequacy of elastic theory in predicting the seismic response,
though quite intriguing, is not of primary intereat here. The sound field
above the surface is accurately predicted if the surface impedance is known
so for now only those aspects of the seismic/acoustic retio which provide
some ingight into the nature of the interaction which effects ¥ will be con-
sidered, These results can be summarized as Ifollows:

1, At high frequencies n decrcsases implying that less energy is being

coupled into the earth or that the euergy is being absorbad by the upper
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layer, The surface impedsnce decreaszes with frequency indicating that less

energy is being reflected hence the anergy must be abosrbed,

2, At low frequencies, n increases (ignoring the possibility of a pesk

near 100 Hz) and so does Z.

Based on these results, one might argue that at low frequencies, the soun?

th

- entering the porous aurface 18 coupled into the earth and Z -+ zearth wi
the porous material acting as an impedance matching layer thus increasing

n. If this is the case, at low frequencies (less than 100 Hz) Z should

approach pc of the earth and n should approach elasti: predictions, At

higher frequencies the energy entering the surface iz dissipated by the

upper fibrous structure and is now coupled into the earth.
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4,0 INTERPRETATION OF RESULTS

In order to discuss the results, it 1s necessary to first put the
outstanding problems involved in predicting the sound pressure in the
vicinity of a ground plane in perspective. If the ground plane is assumed to
be a2 locally reacting porous medium, we and others have found that present
theoretical treatments which assume a point source give reasonable agreement
with experiment when the impedance is used as an adjustable parameter. The
acoustic theory of Donatolvas used to analyze the results of this work
giving impedance values reported in the previous section which arz generally
congistent with impedance values reported by others when the same locally
reacting model was used, The results reported here extend to a maximum range

of 6G0 ft. and a lower frequency limit of 100 Hz. In this range, the surface

wave predicted by the theory used to analyze the data was not calculated to

be a significant fraction of the measured amplitude. We can only say for sure,

then, that in the frequency range studied, the locally reacting surface model
as applied by Donato agrees withk experiment when the impedance is treated
as an adjustable parameter.

The use of the term impedance can, in itselif, lead to confusion. The
mcet common definition for impedance 1is

Z=Zax +1%X (1)

where P 1s the instantaneous pressire and u is the instantaneous velocity.
Since acoustic pressure is conf.inuous across a boundary (within a solid the
pressure is the diagonal element of the stress tenser, oxx)’ the impedance
of the soil is measured directly in a seismic/acoustic measurement, (This

was the reason we became involved in such measurements.) A microphone at

27
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the surface measures acoustic pressure which due to the boundary condition

is also the pressure below the surface and the geophone measures displacemenc
velocity hence we have p and u. The ratio +E+ has been measured for several
soils and h;s been found to lie in the range 103—105 PoCo+ This value is

not consistent with the measurements of impedance using the reflection
technique described earlier which gave |Z| values from 1 to 100 times p,c,.
Clearly the impedance measured directly with the geophone is not the same

as that measured using the reflection technique.

There are two possible sources for the large differences in impedances
determined from these two techniques. The first possible explanation is
that the local reaction assumption upon which all our data analysis 18 based
15 not valid. The second is that the two experiments actually measure
different phenomena. Only the latter of these two possibilities is explored
in the followir3z. A careful examination of the local reaction assumption
will be made in the following months when long range data allows comparisons
to predicted surface wave amplitudes., As an additional justification for
at least temporarily retaining the local reaction assumption, it should be
noted that no measurements on any porous acoustical materials have been made
which clearly indicate the assumption is not valid. Although the analysis of
most such measurements are based on the local reaction assumption, it would
seem that if the assumption was not valid, there would be inconsistencies
noted in at least a few of the measurements (for example a value of Z that
depended non-uniformly on the frequency).

Retaining the locally reacting assumption, there are several physical
mechanisms to explaii the large difference between the directly measured

impedance and that measured using the reflection technique. The basic idea

28
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is well developed from a study of acoustic tile, One can imagine the surface
as consisting of many pores held by an elastic matrix, When the acoustic
wave impinges on the surface, air is forced into the pores alternately com—
pressing the air in them, The air being forced through the pores encounters
drag due to fibers in the chammnel and the walls of the pores so not all of
the energy flows back out of the pore as the acoustic pressure oscillateu,
The sound velocity in the pores is slower than in free space and highly
frequency dependent. The amplitude of the sound returned to the reflected
wave, then, will depend on how much energy is transferred to the matrix and
the phase of the reflected wave will depend on the distance the wave travels
in the pore. When all the pores are not of the same depth, reflections from
differenc depths will add with random phases giving rise to phase cancellations.
This model is consistent with both the measured surface impedances and
the seismic/acoustic ratio., At high frequencies, the seismic/acoustic ratio
drops dramatically suggesting that either the energy is all being reflected
back into the space above the surface or the sound energy is being converted
to heat by the drag at the pore walls and oscillations of fibers in the
channel. The surface impedance (real part) approaches unity at high fre-
yaencies, indicating that the wave is not being reflected hence it must be
wssorbed, At low frequencies, the seismic/acoustic ratio increases rapidly
indiceting that less energy is being absorted in the fibrous structure, i.e.,
tre ground plane is behaving like a simple boundary. The measured surface
impedance also increases at lower freqnuencies indicating that Z is approaching
pc of the soil (which for our cases is of the order of 103). If we take 200
Hz as the crossover frequency for the two types of behavior, this suggests that

the pores have a depth such that near 200 Hg, the average depth is of the order

29
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of a half wavelength in the porous medium ( * 0,5 m assuming n = 1.5), The
gross frequency dependent features of Z and u, then agree for a surface
similar to acoustic tile.

There is one complicating feature which can dot be ignored; the magnitude
of y. Near 100 Hz, u has a value near 5 x 10~ cm/sec/ubar while, for a plane
interface with the measured values of p and c, one would predict 1 coupling
coefficient of 1.5 x 10~ cm/sec/ubar (Ref. 11). Considering the relative
crudeness of the measurements of y, a factor of three error does not seem un-
reasonable, However, the most likely direction for the error would be in the
direction of less energy coupled into the ground. For now, we will assume that
this factor of three does not affect our conclusions involving the physical
mechanisms which glve rise to the measured surface impedance. This conc¢clu-~
sion, along with the assumprtion of a normally reacting surface deserves
additional attention in the future,

Assuming the surface is a locally reacting porous medium, there are
several approaches which can be used *o characterize the surface in terms of
its acoustic properties (other than impedance) which are wmore readily measured

than impedance. The two which will be considered in detail here are thoge ad-

1

vanced by Chessell 3 (which is an extension of the earlier work of Delansy

and Bazelyla) and Donato15 (which is an application of the general development
by Horse16).

Chessell's approach is strictly empirical and involves only one para-
reter; the specific flow resistance ¢ (in units of gm cw™3 aec'l). The em-

pirical relations for the acoustic impedancz are

Xr/pgco = 1 + 9.08 (£/0)™073 (2)
and Xe/pgco = -11.9 (£/0)~0-73, (3)
30
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The expressions for the propagatior coefficient k = a + if are

o | (wleg) = 1+ 10.8 (£/g) ~0+7° )

-0.59. (5)

B / (w/cy) = 10.3 (f/0)
Typical results using the single parameter model are shown in Figures 9-15.
As can be seen, in each case, a value of o can be found which gives Z valuves
within experimental scatter of the measurcd values. A summary of the single
parameter results is given in Table II. Although the variation is o is not
insignificant, the results are in general accerd with physical intuition,
The measurements taken over a bare field In oue case quite hard (WES I) and
in the other wate. soaked (Run 15) give a much higher value for the flow re~
sistance than do those taken frow data over a grass covered surface. The
value of 0 for institutional grass has an intermediate value. These findings
are consistent both in direction and magnitude with the direct measurements
of flow resistance by Dickinson and Doaklﬁ.

Although the single parameter model appears to work well, it is not
without problems. First, if values of ¢ are computed from measurements of.
Xr and Xc at individual frequencies, the value of ¢ is invariably found to
increase with increasing frequency (See Table III), Also, in most cases, the
value of o computed from low frequency Xr values is higher thar computed from
lou frequency Xc values. These two obYservations tend to suggest that the em-
pirical relations (Eq. (2) and (3)) do not reflect the prover frequency depan-
dence for the results reported here snd that the ratio of Xr to Xc reflectad
in thesz equations is not coastant but depends on the nature of the surface,

Even with these prublems, however, the simplicity of this approach and the

relatively good agreement with experiment wakes the metbod worthy of cousideration
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Table II

Summary of Single Parameter Results
Following Chessell

e

Surface o Grass height
-3 -1
(gm—cm “-sec

WES 1 300
WES 1II 130
Run 2 100 none
Ran 2 50 none
Run 4 100 + 50 0-2"
Run 5 50 0-2"

f Run 6 150 10"
Run 7 75 20"
Run 8a & 8b 80 22"
Run 9 100 25"
Run 10 - l.l1m
Runs 11 & 12 200 5"
Run 15 350 0

§
!
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100
200
400
800

Table 1II

Calculated Values of Flow Resistance

R/poCo OR
16 195
12 258

6 181
6 362

for WES I Data

X/poto

-24
-17

-3
-11

g

avg

Oavg

228
292
394
540
364
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for field use., By measuring ¢ under a wide variety of conditions, tabulated
values could be developed from which Z could be computed for most field con~
ditions encountered.

Even though the empirical approach of Chessell works reasonably well
for the conditions considered here, applications to other conditions would
be much more reliable if the prediction procedure was based on basic physical
principles, Donat:o16 has made an attempt to provide such a physical approach
by considering three examples; a continuous porous surface, a porous medium
of fixed thickness with an infinite backing, and a porous medium with a
porosity which decreases exponentially with depth. Application of these
three models requires that the effective compressibility of the air in the
pores, Kp, the porosity, I, the flow resistance of the air in the pores,
¢, and the effective density of the pore-filled air °p be known. Each of
these terms can, at least in principle, be computed from the physical pro-
perties of the surface or measured independently, however, the formalism
for such calculations has not bzen developed. In addition, there is a
fourth case of interest; that of a porous medium backed by a medium of
finite impedance. So long as each of the quantities required to apply
these models must be deduced from measurements of surface impedance, this
approach ﬁlso becomes empirical, the only difference being that now there
are more adjustable parameters available to fit the data hence, one would
suppose, better agreement with theory can be achieved.

At this time, then, the gingle parameter empirical approach of Cheassell
appears to provide as good a way of representing the results as sny available.
From Table1ll, it appears that Runs 2-9 have a similar flow impedance., This

cuggests that the grass height has no effect on the surface impedance once the
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grass has begun to grow. It also suggests that the impedance values for these
runs can be averaged together to give a representation of the acoustic im-
pedance with less scatter in the data. This is done in Figure 16 which can
be consldered to be the major result of the work reported here. The fact
that grass height has little effect on surface impedance does not imply that
the nature of the ground cover is not important., This can be seen by com-
paring Figure 4 for institutional grass with Figure 8 for Sorghum Sudar and
Figure 15 for a bare field (with high moisture content). The bare field has
a higher flow resistance than the institutional grass and both have a greater
flow resistance than the Sorghum Sudan field. This result can be interpreted
in terms of the root structure. The bare ground has no roots hence it has a
high flow resistance. Institutional grass has a very shallow root structure
and is backed by a surface which has been undisturbed for several growing
seasons hence has a flow resistance less than bare ground (with no root
structure) but greater than the Sorghum Sudan which has deeper roots into
soll which has been recently ploughed., The bare field with all available

pores filled with water represents the greatest flow resistance.
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5.0 SumMARY AND CONCLUSIONS

Theoretical calculations ot sound amplitude near a surface with a
cumplex impedance ' siug the formalism developed by Donato which assunes a
locally reacting surface give excellent agreement with measuremente provided
the complex acoustic impedance is treated as an adjustable parameter at
each frequency. The significant difference between this theory and plane
wave reflection theory, the existence of a surface wave, was not involved
in these measurements due to the relative short rlngéa invoilved. For the
meagsurements reportad here, and earlie: weasurements by other investigators,
the acoustic impedance as a function of frequency can be predicted within
experimental uncertainty using the empirical approach of Chessell using
the specific flow resistance agf the singie adjustable parameters. This
spprcach has not been tested at frequencies below 100 Hz, Interpretation

of the results in terms of the physical properties of the surface must

await independent measurements of porosity, flow resistance, etc, or theoreti-

cal work which provide these quantities in terms of root structure and soil
characteristics.

Based on the findings of thkis study, the following recommendations
are in order:

1, Measurements of amplitude versus distance out to 1000 ft should
be made in order to test theoretical predictions when the theory predicts
the presence of a significant surface wave.

2. Measurements should be extended to lower frequencies to test the
e'q:lrical method of computing the impedance at various frequeacizs uszing a

single parameter; the specific flow resistance.

44

— e m = e e s e

S

i b AR N i ot

aati.

SEREPVIDRIE




Iy

L g 1 AL S M il 2T M ke bl i LRI o o e do R XS e n AN e kb bR AT CL e o 4 e J N T

3. Independent measurements of surface and soil conditions including
flow resistance should be made whenever measuring impedance in order to
provide the basic data necessary to predict the impedance of a surface
without making extensive measurements, . 3

4, Measurements of surface impedance for a wide variety of surfaces

are needed to supply data on which to base theoretical wodels applicable

to the range of conditions which might be found in the field. Although
all four of these recommendations will be pursued in this laboratory in the

ncar future, item 3 requires the cooperaticn of others making similar mea-

surements under different conditions,
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Append ix
Computer Programs Used to Analyze Deta

Two programs were used to analyze the data. Actuslly these were two
variations of the same program called DONALD. Tha omly difference between
the programs is that the second accepts data for two microphone heights
simultaneocusly. It should be noted that the input source haight (IS) is
in feet while the input receiver beight (ZR) is in meters. Ranges are all
in feet; the experimental data are in dB reference any standard position.

Both versions of the program use subroutine DONATO which is the program
developed by Donato to evaluate the signal level when the impedance 1is
known. In order to r.a.e sound levels, subroutine SUMUP in both programs
adjusts the levels such that the average is the same experimentally and
theoretically (from DONATO). The subroutines PEGC actually vary the impedance
about some initial guess until the best fit of theory to experiment 1is

achieved. These values are thear printed ocut along vith messured anmil computed
sound levels.
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DUNASL IS A FLIT (F 16 NAGE, CLEFECTIO Tu .BTAIN FINST & MALL
PARK AP M XIRATIIN 03 XP AND XC AN THEN TO MO IRE TIpNF
TU UBTAIN ACCLWACY wITHIN 0,03 WF THE RIGHT ANSebk

MITHOVT USTLG S FUCH TIet,

ZERR INPUT I8 TLRORLT: RY POHASL AT PRESENT (3/1a/78),

DUNpA4L 18 THE FURIEL KALGAN ALD RePHESELTS UMY A CHAKCE 1IN ¥ L0
ARD SLARDUTINE FANF "1 NLATO®, 1LSTFAD UF °CuPvuR“®,

RANGAK 1S Al LDIT 0Op KAILGEK, FXCLUSIVE b INTLRVERIKG Fp1TS,
RANGAP WAS CUILTY (3 3 KINOK SYBTE P EKRGR Ik SURROGUTIUE PGy
IN THE COLE AETRFEN STATFFERTR 10 AKD S0 UF SARL, XCDML AMD
XDkl WERE ¢ CCASTI RALLY MHALVMI o URFOITUNATELY, NEW FERAGZED
THE SAME (UVEFLOOM ILG TLE PUSSIHILITY ThAl THE KIGHT VasLup
CUULD AF pM Y TN THAT QIPECTION NaLK THr OLE KRPRL),

ALSU, RANGEN IS THE FIRST EiIr1T TO AMIGLUMCE 1TSS w0kt =-
SEE wKITF(),4).

RANGAK 1S A PULISHEL VEISIUi U'F wANGAJ,
THERE 15 WU PLOCEDLULKFAL 1-IRFEEENCF WhLTRERN THF Tw0,

RANGEJ 18 THE EDRIT UF RANGAG FATTFRELED AFTENM THE LATTEP AKD
RANGAY IN ULIKG FRPOR CHITFEFIP (XEPR) ON JUST ThHE XTDEL'S AMD IN
LINYITING TN} VALULR ¢ XPrElL TO Ni: LOBEY THAN KPRk,

THIS LAMGE VEKRSIOL I8 A MUDIFICATION UF RANGEZ, MUT RANGF),
THE SYSTEN ¢ F WHICH AL PrANS Ti- RELY 01 A FALSE ASSUKPTIUN,
THAT THLAL 1S OULY GRE P IATHUL GF SURSQR(2P,XC), THL
APPARENT ERI DK PAY (R HAY ®LT EXIST,

RANGE AUCCLPTS TUE LXPEMINFNTAL LATA VALUES AMY ASSESSELS THE AFPKOIe
PRIATL IMEFI AMCL VALURS GIVING THY WEMT FIT,

THIS POLTINL ®AG PTEVELQIFD ASl sRITTEL MY ®ALKREM FUM h, E. BASS

Le M, BULEM FUR ARALYSIE ©°F A DUSTIC IRFFLANCE LATA,

DIMERSILN TaMl (10)

FQUIVALENCE (LXPSUM, EXPAVG), (STANL.V,S1'M] 1} )

COMBNO: ZMATLZE XPDRAT(30) FAIPAVC : NCULUNT/SLE/RAMCEC(10) o 25, Z5/70M /N0
ZERR/XERR/0LD/SUM.LD

T

PEAD(2.3) T5,2R, DL L, XD}
READ(2,0) NINTAL,LUpNAX
MEADC(201) C(VAWGE(D), Iy, WUNFAX)

CRUNCH THRE | ATA

DL 70 Wal,NTOTAL

I[ll)(?.’) FF.HG&N.IU&:

10 (HW'-.GT.I:I'!NA!) slirsllL.PrAX
IF(NGEN.Fu.0) ALAI(2.1) XP,XC
REAL .2,1) (LEPDAT(I).13),NUn)

EAP3UES; 0

DL 20 Iag, kit
FXPSUFaL XISl MeFXPDAT(])
FEAPAVLOL XL-SLA/FLIAT(KLN)

TFI{NG N My ,0) CALL IPVEN(r R, XP,XC)
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THIS PAGE IS PEST QUATITY PRACTICABLE
FROM COPY FURNISHED 10 DDC o

1

i

X

3

; oo G ORI i

XRINIT=XR; X IN1T=XC

CALL LONATOCFR,XRIMIT X( IK1T,TAIP)
SUMINI=SULUL' (TAMP) "
SUNMOLL=SUMTET

30 NCOUNT=Q
XtRR=0,1

40 CALL PEG(FR, XK, XC,DEL)
XERR=0,01
CALL FEGCHR, XE,XC,DEL)

NN PP (ST SRR e R

50 XRDIFF®(XP=XRINIT)/XKINIT®#100 43 XCPTFFR(XC=ACINIT)/XCINIT®100,
CALL DOMATO(FF, XR, X(C , TAMP) '
SUMSQKsSUMUE (TAMP)

SUMpPIFEOD,O
DO 60 I=1, NlIM

60 SUMDIFESUMDIF+ARS(TAMP(1)=EXPI AT(1))

STANDVESORT( (SUNSUk=SI'M] TF##2/FLOAT(NUM) ) /FLDAT (NUM=1)) g

SUMERFE(SUMINI=SUI SUP)/SUKINI®100,

[ WRITE(3,6) FR,25,2P ' [

‘ wWRITE(3,3) XRINIT,XCILIT i

WRITE(3,7) XR,XC : :

WRITE(3,5)

i WRITE(3,2) (RANGF(I),FXIDAT(1),TAMP(I),I=1,NIIM) L
WFITE(3,10) STANDY,SUFSUR,NCDUNT,LEL, XEKR ' .
WRITE(3,4) XRDIFF,XCDIFF,SUMEFR :

70 CUNTILUF :

FORMAT STATLMENTS 2 AKD 5 HAVE BREEN ALTERED TU SHURTEN LUTPUT i
TU DESIPEL INFORKMATION ONLY,

..‘
an

R LI

FURMAT(8F)
FORMAT(1X,F7,1,6X,F7,2,6X,F7,2)
FORMAT(/12X, "GIVEN IMFEUARCE '+F6,2,"' ¢ ',F6,2,'1")
FURMAT(//8X, *IMPEDANCE DIFFERENCES '»F7,2,'% & 'sF7,2,'8'/8X,
A 'SUMSUP DIFFERENCE (W,R,T. SUL'INI)',F7,2,'8',/720X,
b, 'CONE BY DOLA4OD')
FORMAT(/3Xs "RANGE' »6X, 'EXPe DATA '",S5X/'TOTAL AMyp '/
A X, (FT)r,9%X, (DRYY, 11X, 1 (DI) ") \
FUORMATC' 100 21X, "FREWUENCY* pF 7wt HZ'/18X, 'SNDURCE HEIGHT',F7,1
A o' FT'/716Xs'RECEIVEE UEIGHT',F7,2,' FT'/)
FORMAT( /12X, "¢ THAL IMEFIANCE ', b€ o2,% ¢ ',FRh,2,'1')
FORMAT(2I)
FUORMAT(¥,21)
0 FURMAT(/5Ys ' STANDYE 1 ,F9,5/5Ks 'SUNSQURE V,F9,5/5X, *TRIALSS ', 19
A /95X, DEL® ',F9,2/5X,' XFREkm= ' ,F§,3)

= WA -

"

L
-0 D - o

END

SUBROUTINE | EG(FR, XR,XC,DEL)
' DIMENSION Gl NDAT(30),5UM(4),CX(4,2)
CONMGI ZMATUZEXPDATCI0) ,EXPAVE, NCUULT /b R/XERPZULD/SUKDLD

i i S A L A e T 2 b s b < e o Se vy 2 2L

TALL DOLATOSFl, XK, XC, GENDAT)
SUMOLL =5UNIE (GEIDAT)
YRCELSULL § XCDEL2DEL
. Xh0aXH§XCOBIC ; XEMB10,#XERR s hEWRD

50

Sy

' - o i
L N 3 e amne s b et e Aen 1k ek 8 AL G e bAn s ae bt 0 Il e e kL bk Sl .Am.‘......muj
BT R YU RO PO A SN RNYY St S SR SIS TRP RIS




RPN i et g e

Do A i o S A S s T i R Kl iChil e - Bttt S ELARAC A AR £ Cin . LA e gl St d - oy - Bchiaad S oot i CITMT L R TR AR TSR arm e

THIS PAGE IS BEST QUALITY PRACTLCABLN
FROM (0PY FURNISHED TODDC ___ o—

nid ALL FOUR IKITIALLY

[e ]

DU 2 Txi,4
SUM(I)=»sSUKOLD

3 N

PROCELD WITH ‘(Hi FMIGUPING

10 IF(NEW,EQ,1) GOTO 20
Cx(1,1)=XK
11 CX(1,2)eX('=XCLFL
IF(UX(1,2),GF.0,1) COTO 13
IT(NHEW,IE,3) COTO 20 "\
IF(XCDOFL.LE,XERR) GUTU 20 |
XCDELBXCDEL®0,%
NEWnO
Gi'TU 114
13 CALL LONATOCFR,(X(1,1),LX(3,2),GFNDAT)
SUMC1)=SUIUP (GENDAT)
20 I} (NEW,,LQ,2) GONTN 30
Cx(2,2)=x&.‘
21 CX(2,1)uXleXKRILEL
TF('X(2,1).GE,0,1) GOTO 223
IF(NEW,hE4) .0OTO 30
IF (XRI EL ,LF ,XERK) GUTO 30
XPDELEXRDE].#0,%
NEW=0
GuTy 21
23 CALL LONATO(FK,CX(2,1),CX(2,2),GENDAT)
SUM(2)=3UMIP (GEADAT)
30 1F(NEX .G, I) GOTH 40
Cx(3,1) X}
CX(3,2)=XCeXDEL
33 CALL LONATO(ER,(X(3,8200K(3¢2) ¢ CEMDAT)
SUM(A)IsSUNP{GEADAT)
40 IF(NEW , £Q,4) COTO 50
Cx{d,1)mX eXHIEL
cal4d,2)8XC
CALL VOHATO(FR, CXC4,10.CR 04,254 GERDATY
SURL A aSUENY (GENDAT)
50 NEWSLEAST (BURULD. S!'M)
NCOUNTeLCUUL T+
TFINER LG, 0) GOTHY 120
XungX(Hp¥%, 1)
XLTUXLNLY,2)
SUMLLL2SUY (HEW)

REWEHEWS 2
IFLUP R T4 LEMRNFWe4
GuTy 10
120 IFCIXRaXRG A UT o KEM) UR S IXC=XCO0T, 5EM) ) LOTU 130
TECXRLEL LB XURP (AKL L AUT FL (LE JEERK) RETUBY
130 XpOmXp g XCOuXC

IF(RRUEL «UTJXLRE) XPDE LuXRDOLL#O,S
IF(XCUEL +GT JXERE ) XCORLBX(DEL®O,S
GuTt 3

ERkD
FUNCTION SUMUPIGELDAT)

DIMENSIUN GENDAT(10)
CUMNON /MALL/ZEXPDAT{10) ;L XPAVG o NCLUUNT/ NP FHUN
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1 TBIS PAGE IS BEST QUALITY PRACTICARNE i
. TROM COPY FURNISHED 10 DDQ e " 4
3 1 i
i
i}
i . SUMuPa0, %é
GLNAYGEO', J
y DU 10 I=i;NUM éi
3 10 GENAVG®GENAVG+GENDAT(1)
i GENAVGEGEMAVG/FLDAT (HUM)
. DU 15 Is1,NUM
: 1s GENDAT (I =GENUAT (1) =GENAVGAEXPAVG
DU 20 Is1,NUM i
20 SUMUPESIIMUP (GENDAT (1) =1 XPDAT(1) ) w02 i
; RETURH j
§ END
FUNCTION LEAST(SUMOLD,SUM) ;
; DIMENSION S1IM(4) ;
F L
[ LEAST®=1 ;
: no 5 Ia2,4 ' D
: IF(SUM(I),GL ,SUM(LEAST}) GOTO S 1
,v LEASTS] I
f L CONTINUE i %
@ IF (SUFOLD ,LESUM(LEAAT)) LEASTSO i
; RETURMN ; i
ﬁ END’ o
! i
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ﬂBISPl&BISBESTQMABITYPBAQIIQAEE!
FROM COPY FURNISHED TODDC o™

DUNA4U 1S A EDIT LF DUNA4N, CURRECTRD T ORTAIN FIRST A BALL
PARK APPRUXIMATION FOR XR AND XC AND THEN TO kbPILE THESE

TU UBTAIN A CURACY WITHIN 0,01 UF THE RIGHT ANSWEk

WITHOUT USING SU MUCH TIME.,

XERR INPUT IS IGNORED BY DONA4D AT PRESENT (3/1u/78),

DUNA4N IS THE FORMER HAMNGAN AlD REPHESENTS UNLY A CHALGE LM Flit
ARD SUBROUTINEL NAME "DOMATO™, JLSTEAD OF “CUMPUT",

RANG4N 1S Al EDIT OF KAKG4X, LEXCLUSIVE OUF INTLRVERKING FPITS,
RANG4N WAS GUILTY DF A MIKDNK SYSTEM EFRG.R IN SUBRUUTTIE PLG
IN THE CODE RETHEHN STATEMENTS 10 AKD S0 UF SAME, XCDEI. AND
XRDEL WERE UCCASTONALLY HALVFL:, UNFORTUNAT @Y, NEWw REMAIMED
THE SAME (OVEKLOOKING THF POSLIBILITY Tira7 fHe RIGHT VaLUE
COULD BE BAUCK EN TKAT DIRECTIUN Hal~ ¢ LLD XPLEL),

ALSO, RANGAN 18 THE FIRST ELIT TO ALKNOULCE 1TS WOKK ee
SEE WRITF(3,4),

RANGAL. IS A PULISIKD VERSIOM UF RANG4J,
THERE IS KO PROCELUKAL DIFFERENCE RETWEEN THE TkO,

RANG4J IS5 THE ELIT UF RANGAG I'ATTERNED AFTEKR THE LATTER AND
RANGAY IN USIRG FiEROR CRTTERIA (XERK) ON JUST THE X2DLL'S AMD IM
LIMIVING THE VALUES OF X?0EL TO N LOWER THAN XeRE,

THIS ¢ANG: VERSINL IS A MUDIFICATION UF RANGEZ, NUT ZANGED,
THY, RYSTER OF WHYICH APPLARS TN FELY OF A FALSE ASSUMPTION,
TRAT THERE 18 DHLY nNNE HWYINIMDM OF SURSQK(XR,XC), Tae
APPARENT ERUOR MAY UR MAY HOT PAYST,

AANGE ACCEPTE THE EXPHRIMENTAL BATA VALUES ANU ABSESSLS TIE APPR(e
PRTATE IMPEUAGCE VALUES GIVING THE REST FIT,

THES ROUTINE WAS DEVELNPFL AND WRITTEM 1Y WALKER YOK Ly Eo 0ALZS

Le Mo BULEN FOR AKALYSHIS UF AL OUSTIC IMPEDANCE DATA,

DIMEBRSICN TAMP(10) ,AME(2,10)

FQUYVALENCY. (LXPSUM, EXPAYG) , (STARLV, SUNDLE)

CUMMON ZMATR/ZLYPPAT(2,10) e 7C2) s EPAVUT pEHAVER 2 LT NCOUNT I ML /
RANGEL1Q) 1, 2S8/NIR/NUL/ERR/ XERR/ O, D/ SUMGLD

TNPUT

READ(441) 25,22,0LL, XEPFE
READ(2,8) NTQTAL,HUMMAX
READLZo1) C(HANGECT), Ing, NUMKAX)

CRUWNCH THE DATA

DU 70 N={ NTOTAL

R:ZAD(Z: 9) Fl 'hGEN'NUH
IFCNUF GT NUMUAX) HUMSNUMMBAX

1F (HGEN ,EU0) READ(2,1) XE XC
READC2,17 CEXEDAT(L, 1) 1m1,NU),2(1)
REAL(Z: 1) (EUPDAT(2,7),I88,0MIIF)02(2)

"PSUMleQ,C

EPYLMRa0,0

DU 20 Xs3,iUN
FPSUNIEPSUNS+EXPLUAT(3,1)
TPSUMITLPSUI‘24EXPLUAT(2,1)
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23
25

30
40

$0

54

60

65
70

- W N

32 0 &

THIS PAGE I$ BEST QUALITY PRACTICABLE
FROM OOPY, FURNISHED IO DDQ e

FPAVGI=EPSUI'1/FLOAT (NUM)
EPAVG2aEPSUN2/FLOAT(NUM)

1F CNGEN NE4U) CALL IMPEL(ER,Xk,XC)
XRINITeXR; XU TN T=XC

SUMINI2O,0

pu 25 li=g,2

ZR=Z(11)

CALL DOHATO(FHoXRIHIT.XL!NIToTkﬁP)
puU 23 L=i,NUM

AMP(I1,L)=TAMP(L)

SUMINI=SUNUL (AMP)+SUMIM]
SUMULL=SUMILT

NCOUNT=O
XERR=0,1
CALL PEG(FP.XF,XC,DLL)
XERR®0,01
CALL PEG(ER,XR,XC,DEL)

XRDIFF'(XP-XRINIT)/Xkl"lT'lOoctXCDXFF'(XC'!C!N!TIiXCIN!T'IOUo
DU 65 IIm1,¢

ZR=2(11)

CALL DONATUCFRs XR, XCo TAKP)Y

PU 54 L=l NUM

AMP(I1.1 «TAMPLL)

SUMSQNEL (B UI {ANY)

SUMPTE=C 0

DU 60 Imi, MM

SURDIFRGULILF RS (AMP(T 1/ 1) »EXPDRT (110 £))

STANDYESART (LLUNBUI~EUMOEF G T/FLOAT(MUN) ) /FLOATIHUML) Y

SUMEPPR(ZUMINI=SUVSCA) /SUMYNIO100,

WRITE(3,6 Fh,28 LR

WRITECI, ) XRINIT,KCINIY

UR!T!(:;;) PR

WRITE(2,

URI;EE!:?; (RANGECT) (EXPIPTC 12, 1)AVECTL E) o121 NUM)
WATTF(,10) STARI, SUASUR,HC IUKT»DlLo AEET

WRITL(3,4) XRBIYF, X0 IFE BGHEKR

CUNTIMUE

CJ”T:'\VE

FURNAT STATLHEDNTS 2 Akb 5 HaVE PEEN ALPERED TU GHURTEM W Pye
T:) DESIRED IWKORMATION LMLY,

FURNAT {8(7) .
FURMATCIX, FT7,3,9%,F7,2,8%,U0,%8)

C FURNAT(/ 22X 'GIEER IMPEUANCE ‘900,260 o ', Fe 3,0 8")

FURMAT(//78%, *IRPEDARCY, LIFFRRENCEY "ok TeZe r & "ok 12y 'A/0K,
'EUMSUR DIFFERTACE (VoRLT, SUKINT)I e PT,2, "NV /720),

YRONZ AY LOLABDY)

FURAATC(ZIX s "HANGE Y o Xy ' KX, gaTA o8N, CTOCAL AWP */

Bl VAT o BR P (URS Y, 13K, (DB))
'Giﬂ:?tzl:o?il.‘!ltﬂﬂt”ﬁ":f?.ly7 HEV /718X, "wNURCS HEIGHT, 87,
2 FTV708%0 "RECRAVER WERGHP ' 4F 7.2, PTY/)

FORMAT(/ 4240 'F TgAL JHEYLONCE ¥, 620" o+ ',FC.3,'1%)

rURMAT(3L)

PURMATLE 215
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A
1
el

ggsthmLIT!PIIBSKQNﬂ!!
]EINIOGF!FUBNJSHFD 4 :
1
10 FURNATC(/SXs 'STALDYE ' FU,5/5X, "SUFSURE L1 9,8/5X. "THIALS® ‘019 !
h 75X, DEL® ', 1 9,2/5%,' XEPH= ',F9,3) ;
END 3 :
SURROUTINE LEGL(ER,XReXC,DEL)
: DIMENSIUN GENULAT(2,10),GENPACL0),510(4),CX(4,2)
- COMBOL /MATI/ZLXEDAT(2,10),2(2) s EPAVGY EFAVG2, 11,NCOGUNT /L /7
1 2 RANGE(LIO0) ZR ¢ 75/7UM/NUMZEF R/ XEREZGLDZSDIADLD L
SUMULL ®0,0
e Db 5 l 131 ’ 2
[ ZR=Z(11)
. CALL LODLATUO(FR,XP,XCoCERDA)
: DU 3 L=1,nuL .
3 GENDAT(IT,L)=GENDACL)
5 SUMULL =SUNUE (GELDAT ) o511 OLD
XRDELEDLL ; XCDEL=DET
i XRO=X} $ XCO=XC ; XEMn] 9 .o XELRFshFV-80
E o NU ALL FOUR ILITIALLY
: 1 LU 2 1=1,4 i
E 2 SUM(I)=sSUAOLD i
E c PROCELD WITH THEL FIGUKIMG 2
’ 10 IF(NER,EO,1) OOV 20 §
3 Cx(1,1)=Xk §
" 11 Cx(1,2)=Xt =XCLEL i
: I+ (UX(1,2),GE.0.1) GNTO 13 :
3 IF(NEW,LE,3) GOTO 20 !
? TF(XCDEL.LE.XFPI ) GUTU 20 ;
2 XCDEIEXCDEL®0 S :
/ NEW=O .
3 GOTL 11 i
9 13 SUM(1)320.0 :
} . DU 14 TIm§,2
% Thei(l1}
a3 CALL LUNXTOCFR,(X(103),0XC102) o GERDA) .
3 PC 2R Lm),KIIM :
J 13 GEAYAT (1T, L) RSELDALIL S :
A 4 ELHCL)BSHIUL GENDATYI®SUNI(]) i
! 0 IFLUEN.EN,2) OTN 3¢ i
? Cx(a,2)ux"
: 21 CXt2,17=XHeXRLEL
5 SFIUXI2,12,6E,0,3) GO10 23
S TH(HFR b 45 O 30
i II‘(IRHIL.LI'..XLNJ GOTL 30
i [ XHDEL®XVOL L0, S
G MEWRN
E ! GurL AN
i 23 SUs12)m0,¢
- o 25 IImy,2
3 3 P LN $9)
: % CALL LONATRCFR,(X(2,3),0%X(2,2).GFEKDA)
F Ny 24 L, Nid
S 24 GEHDAT {43,L)=CELDALIL) !
L f 2s SUM(2)SUNUP I CLLAAT Y8 (D) : 1
E ¢ 30 TF (WER,20,3) GUTU 40 §
3 CxCI, 1)nX)
. .
] 4
~, 55 §
| RN IR ANy o e o1« Rl Lottt ST - - - :
4 S 0 vt d i A ot el R el ik D AR L LK EYTINERS N Vppg Y A e skt T e« . A R ”’"‘M




mis ucxsns'rauutnmarm
FROM 00PY FURNISHED 10 DDG Y

CXx(3,2)mXi ¢ XCI'FL
33 SUM(3)=y,0
PO 3% Il=g1,2
ZReZ(11)
CALL DOKATO(FR,UX(301)eCX(312)00LENDA)
. DU 24 L"o"u"
34 GENDAT(1I,L)=GENDA(CL)
k1) SUN(3)=SUNUL (GERDAT ) *SUM(])

4 40 IF(HERN 2O, 4) GOATO SO
: ‘ CxX(401)nXFeXAMEL
E CxX(4,2)8XC
SUM(4)=0,0
DO 45 Il=i,2
ZR=Z(11)
- CALL LONATO(FF.UX(4¢1)¢CXNC402),LERDA)
4 DU 44 L=1,NUM
4“ GENDAT(1I,L)=GENDALL)
s SUM(4)uSURIE (GENDAT) *3UN(4)

! S0 NEWSLLAST (SUMULLI» 5UN)
; NCOUNTENCU!iTe )
IF(NEW,EQ,0) GNTO 120

YPRUX(NEW,1)

XCECX(NEW,2)

SUMULDSSUE(NEW)

NEWENEWe 2

IFC(UER ,GT.4) HEWSHEW=4
GLTO 10 .

i 120 IF((Xh®XROUTXEM) dUR(XC=XCO0-GT . XFM)) GNHTO 130
i IF(XRDPEL LE XERReAND o XCLELSLF o XER}:) RETURL
; 130 XRO=Xjt 3 XC0nXC
IFCXRDEL ¢ GT L XERK) XUDF1.2X}FDEL®0,.S
i IF(XCDELCT XERE) XCDELSXCDEL®0.S
? . GOTL

{ END

FUNCTION SUNUP(GEAOAT)
+ DIMENSIUN GENLAT(2,10)
: COMMON /MATN/ZEXEPDAT(2,10),2(2),LPAVGL,EFAVG2,1L, NCOUNTZBLE/
¢ 2 RANGE(10),2F,28 /NE/NIM
. SUMUP=O,
} GENAVCSO, .

: FXPAVGREPAVG

' TF(II.Eu.2)EXIAVGREFAVG2
PO 10 Imi,NUM

10 GENAVUSCENAVGSGENI AT(11,1)
GENAVGSGENAVG/FLNAT{ NUN)

DU 15 Isy,NUM R

15 GLNDAT(I1,1)SGEEDAT(XI, 1) =GENAVLeEXFAYG
PO 20 Is1,NUM

20 SUNUPRBUMUP+ (GEEDAT(T1,1)=FXPIAT(1IT,1))002
RETURM
FND

FUNCTION LEAST(SI1NLD,8UM)




3

o

THIS PAGE IS BEST QUALITY PRACTICARLE
FHOM COPY FURNISHED 10 DDQ

DIMENSIUN SUN(4)

LEAST=]

DU 5 [22,4

IF(SUF (1) ,GL,SUNCLEAST)) «OTHA &
LEAST=Y

CUNTINMUE

IF(SUNMDLD LE .SUN(LFAST)) LYASTs0
RETURM
END
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g PAGE 1C BEST QUALTTY PRACTICARLE
::;IQQPIIUQNISHED!QDQQ.-1-"'

THIS PILE CUNTAINS THE SUPRRDUTIRF C[DNATO® Aky ITE ANURILE S ARY
PUUTILES AS MUDIFIED RO THY OPIGINAL ®"GPOKNE 4 4® 1Y WALPER
FUP H, E. BASS ANl L. N, FOLFL,

"UOHATO®™ 1§ THE Fi REEF “CUMPUT® (*CuUMPU3I® FUR FILE MAKE) AND
REPRESENTS 10 SIGLIFICAKT WMUGDIFICATIONS,

n 0O nN"NO

*DONATO® JIAS ITS OUWN INTERNAL CUMMOK "DLNI'Y®,

. SUBROUTINE | OLATN(FHIXR, XU TAKP)
REAL Y
DIMENSION TAMP(10)
CUMPLEX AIME,CoS50,W WK, TUTINT ¢ AFP L, AMF2, AFPIARPT AMPALF oD
EXTERMAL ATAND,ATANH
CUMMOM /BLK/RANCE(10),ZR 28781 /b /TANY/N,80,0,02,Y
DATA ¥1/3,14159265/

st A s ool it i h e T

RN TN
e et A ot

c CONYERTIOK=WAVE IN FOrM FXp(IKR=IWT) AND STIFFNESSE
o REACTANCE PUSITIVF IMAGINARY ) j

14 ALMpPECHMPLX(XP, XC)

c DETERHINATICN OF POLE LUCATION FROK AINFECOB(ANGROIANCT)e) .20,

RSP —

REAIMAGCAIME )/ (ATIEPSCUNJG(AIMS )) ii
ASREALCAINP) /7 (AIMI'®CONJGC(AYRP)) ) -
t 1¥ (B .kE,0,) GUTU 20 iy
i 10 SHINE=C, . I
SINESSORT(1.=A0e2) o

Gh TO 30 '
20 SHINESSCRT((Bee24A002-1 ,+80RT((BOa2¢AB021,)002¢4,0p002))/2,)
; SINESB/SHINL 3‘
30 IF(SINE,LT.1,0)GU TO 50 o
. 40 ANGR=90, o
cosgs=0, )
: GU TO 60 ) i
S0 CUSERSQRT(1,=5[likwe2) o i
ANGHS=ATAND(SINE/COSE)+180, ‘
(1] CUSHESSGRT(1,+8HINEe®2)

K=2 ol'1eFR/1132,

§ DU 3160 I=;.NUM
; NERANGCE(])
4

c CHECK WHETHER SURFACE WAVE LXISTS

KHGLES90 ,=ATAMD ((2S42ZK) /)
C3HNNE] , /COSD (ANGH=ANGLE )}

c CALCULATIUN OF SOee2, 50 IS STIFPFRRT DLSCELTS INTEGRATLIN: !
¢ VARIAMLE, &, CALCULATED AT POLF LUCATIOM

. Cu(1,¢0,)08INUCANGR=ANCLE)OSHINEG(0,01,)0(1,~COED(ANGP=ANGLL)
; 2 «CO8HE)

‘ 20=CSURT (L)

c Y SET FUP IHTEGHATIUN Ik INT2

[ ] Y-‘I
] IFC(AINAG(80) ,0T,0,)Ys=],

— - e TS At s e e o o
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0

130

130
140

160

THIS PAGK IS BEST QUALITY PRACTICARLE
FECM OOPY FURSLSHED 20000

P1sR2, SLANT ISTANCEG SNURCESHECEXVEK, AND SOUNCE IMAGEL~
RECEIVER

RIZSQRI((R®*®2¢(28=2§)ee2))
R28S5QRT((R®* 24 (25¢7K)*02))

STEEPEST DESCENTR INTLGFATIUN FUP LARGE}F Kep2e830ee2

wxl,/CSLRT(Fep2650002)

IF(CAbS(XeR2650022) ,LE,10,) CALL INT2(AMPR,AMPI,$80)
Wea(0,5eNe(]1,40,5eN0020(], 41 ,500002))) R
AMPRE=REAL, (W W) .
AMPI=AIMAG(WNW)

AMP1+AMI'2 RESULT OF STEFPFST I'ESCENTS
TOTINTRCMPLX(AMPR,ApPY)

AMP1=TOTINT®#4,/ (AIMPeCUSDCANGILE) @], )eSUFT(F/R)eS00(],4500
(€0,,.25,8804((0,5=0,5%(0,,1,))2CUSDIANGLE) /SIHI(AKGILE))))
AMP2=L , 7(AINPOCUSH(ANGLE) 1,02 (1, /SURT(R8R2))080*((0,,0,5)¢
80¢((1,-(04s1,0))8CLSLCANGLLE)/SINUCANGLED))

AMP4=DIFECT ¢ PERFFCTLY PEFLECTED WAVES

AMPAE(] ,/R241./7K1%CEXI'((00r=10+0)0Ke(R2=F1)))

TAKE THIS BHAKRCH IS PLANE WAVE (ANCELLATIUN

IF(ABS (CSHHYK) ,GT LABS(CNSHF)IGL TN 130

SURFACFE %AVE IF POLE LIES WITHIV STHEPEST DESCENTS COMTUUY
DECSQH P (CHPLX(SINL#CNSHI ,COSF*SHINF))

CURRECTINN YUK PHASE LIFF SURFACE/RFFLECTED
Pa(PI/4,+Kol-20CLEL (ANGR=ALGLE ) ®#COSKE =2 0K2)

FCEXL (CMPLX(O,,0))

FEEXP(=k#p2eSInD (ANGR=AKGLE ) ®@SHINE)
ANPISEOFT(Ka2,6l I/P)02 ,/AIMPat et /l 0 (1 ,~(N,,1,)0) ./ (8, uXaR))
*(0,,1.,0)

AKF3=5ULFACE LAVE

IF(CABS(ArFI) ,LT.1,.E~30) AMPI=O,

MACHIMRE PUOTECTION AGAILST TU( SMALL AMFLITUDES, ALY SUkPACE
AAVE AMELITUDE <10ea(~30) CALl. =6n0 Df

GU TO 140

AMP3I=O,
AVPTR(AVPLI*AMI2)OCMPLXCS L0211 ,07(8,09KOR) IANP I¢AN) &
TAMP (1) =ARPTOCOKJIG (ANIT)
TAME(1)=10,9ALOGIOCTAKLP(I))

CONTII Ut

RETURM

FND

INTLEGFATIGN PHOCEDURE

SCAROUTINE INT2(AI PRoAME],®)
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SIS PAGE 1S BEST QUALITY PRACTICARLE
FROM OOPY FURNJSHED 10 DDQ o

REAL K

CUMPLEX Arrh:n.u.ao,VAL,VALut
CONPDON /TINY/W,80,K,R2,Y
FXTEFKAL VALUT

AMVNES®(0,,0,) :
NEL=,.05eCABS (W)

Le~pEL

DU 10 1-1.!000

Eul+DEL

IF(Z,GE.2,3)GU Th 20
VAL=CrPLX(0.,0,)
VALSVALeVALUE(?)/],
VALRVALSVALUE(ZeNEL/2,)/7) 04,
VALSVAL+VALUF(Zen}1,) /73,

AMPUER SAMPNE WY 5L

AMPREV (0,01, ) SARINFWODLL/2 8
AMPRSKEAL (AI'PLEW)

ANPImAINAG (AMKNEN)

PETURN 1}

END

CUMPLEX FUNCTION VALUE(Z)

REAL K

COMNON /TINY/W,S80,K,R2,Y

COMPLEX 80.W

VALUESCEXP (=(2802)02,3(0,,1,)9CEORT (KOR2e(50c07))eR0Y)
RETURN

END

FUNCTION ATAND(X)
ATANDEATAN(X)ei8D,/73,141592e8
IFCATANE .GT o180, )ATANI == (ATANII=180,)
RETURK

END

FUNCTION ATANPIX)

DATA F1/3 14159265/

IF(Xe22, Gt. «JG0 TO 10

ATINH.QO S'ALUGIO((lool)l(l.-l)))OIl..ll]

KRETURN
ATAIH-(X’X"!I3o’l"515.’lﬁ'7l7-OI'.’I’.OX.‘Illll-"l".l?l
RETURN

(4 17]

SUBROUTINE INPEL(FR, Xk, XC)
Ir(rR,c%,300,)gv T0 10
IRE4Y =285, SALNGIO(TR)
2C874,=393,0ALUGIN(MN:)
RETURN

IF(rn,CT,600,)Gu ™0 20
AIN=40,=12,2AL0GLO(FR)
XCu62,-20,9ALUCIO(FK?
RETURD

IF(rR,67,.3000,)G0 Tu )0
XRe28,.=0,0ALOCI0O# 0)
XCe37,=11 ,SALUGCIO(FP)
RETUM. '
IF(FR,CT 1%00,)G0 T 40
IR=27,.=8,0ALOGIOL)R)
¥Cu28,27,0ALOCIA (L R)
RETURNK
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TH1S PAGK 1S BEST QUALITY PRACTICAN
FRCN 0OPY FURKLSHED 10000 _—

1t (FR,. 6T, 3000, )un Te 8o
lﬁ".'?.‘ALPGSO(FF,
!C'ﬂ-'loomw(t ")
RETURD

Xhe2, 0

XC=2,0

RETURN

2 )]
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